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DESIGN AND CPTIMIZATION OF A FAST HEAT PIPE
ES
1HERMIONIC REACTOR I

<&
H. Hanke

ABSTRACT. The concept of an energy supply plant
for space vehicles, consisting of a fast reactor as
heat source and out-of-core thermionic converters
heated and cooled by heat pipes, is designed and
optimized. The criterion for optimizaticn is the
cost—to~-power ratio. The costs are given by the
price of the fissionable material and the expense for
transport of the device into orbit. The reactor power
is limited by the maximum tolerable values for the
temperature at the free surface of a cell and for
the output current of a single converter. If the
composition of core and reflector and the converter
output are given, it is possible, applying the
reflector saving concept, to construct an analytical
correlation batween the geometric parameters as well
as between these and the reactor power output. There-
fore it is possible to optimize these parameters with
a very small amount of calculations.

1. Introduction and Statement of the Problem

Development of space travel leaéﬂjtdjfncLeasingly higher requirements
on the power and lifetime of the power supply systems for spacecraft. For
powers greater than a few kilowatts, use of nuclear reactors in combination
with thermionic converters is plsnned [1, 2]. These systems are particularly
well suited for the mission established, because on one hand they exhibit a

relatively favorable conversion efficiency (ca. 10%) in spite of a high waste

*
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heat teﬁperature {ca. 1,000° K), and on the other hand they have a high

specific energy content (kWh/kg) and a high specific power (kW/kg).

The combination cof the two system components, the reactor (heat source)
and the converter (conversion of the heat into electrical energy) can be
done in very different ways. Pruschek and co-workers have made detailed
investigations of some possible combinations and compared the results [3].
At present, the arrangement with the converter within the fission zone of a
thermal reactor, combined with liquid metal cooling, is considered to be the
most favorzble one which is technulogically possible for production of
electrical power in the range from about 10 to 100 kW under the restrictions
of space travel. Development of the prototype of a system working on this
principle is already in an advanced stage in Germany [4]. TIn spite of the
resulting commitment tc a certain line of development, it appears reasonable
to outline other possible variants of a thermionic reactor also, and to
discuss them, because the boundary conditiong which at one time have led to
a certain decision in this area are subjected to continucus change due to
advancing technological developments. For instaace, we can today consider
the problem of heat transport at high temperatures {(ca. 2,000° X) to have
been solved thrcugh the development of suitable heat pipes. Thus it becomes
possible to separate the heat source and the comversion portion in space,
without having to give up intensive cooling of the fissiop zone., Rilhle et al.

[5) referred to this design principle as early as 1965.

This work covers the design and optimization of a fast thermionic low-

power reactor with converters outside the fission zone, heated and cooled with

heat pipes. The basic characteristics of such a system are:

1. The converter, because of its position outside the fission zone,
can be des.gned according to purve conveftef physics viewpoints, as the
neutron-physical propérties of the materials are of no importance. Its ,
cperating safety is significantly greater, in.comparison to in~core thermionic

reactors, as neither poisoning of the electrodes by fission producis nor change



of the electrode separation due to swelling of the nuclear fuel is possible.
The electrical connection for the individual converters can be made as
desired without any design problems, i.=s., optimally. As electron emission

is isothermal, the power density within a converter is independent of position.

2. By use of heat pipes for heat transport, we can avoid the vse of
pumps with their undesired side effects (weight, power consumption, perhaps
lubricaticn and sealing problems, and gyroscopic effects). This type of
heat transport requires only small temperature differences. In the undis-
rurbed operating condition, the maximum fuel temperature is only a little
eghove the emitter temperature. Within the individual converter, the power

censity and emitter temperature are independent of posiiion, and can be

freely selected wiithin certain limits.

3. Only one converter can be driven per cell, if we proceed from the
fact that at present no material is knowna which has adequate insulating
properties at 2,000° K and is matched to the prevailing working conditions.
Thus the use of this reactor type is limited tu the lower power range (about

5 to 50 kW).

The last-mentioned point essentially‘differentiates the reactor concept
submitted here from similar designs (e.g., those of Fiebelmann, Neu and
Rinaldini [18] or of Loewe [7]) which presume the vrescnce of a suitable
insulator and which also, due to the type of construction, only come into

consideration for powers above about 40 kVW.

It is the goal of the optimization, to determine the energy supply
installation having the described characteristics and which will supply a

certain required electrical power at minimal costs.

The costs consist essentially of the following:

-

‘1. Costs for transporting the installation into space. It is assumed

that these are approximately proportional to the ipatallation weight.
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2. Purchase price for the fission material U235. In contrast to thermal

reactors, which have a relatively low fission materiz2l requirement, the
costs of the fission materials represent a significant expenditure in the
case of fast reactors.
Both cost factors(l) are certainly orders of magnitude higher than the
raw material, manufacturing and assembly costs. Assuming that the latter
are approximately precgcrtional to the weight, thev can formally be added to

the transportatior costs.

The parameters which influence the installation costs can be divided

into two groups:

1. Parameters, the variation range of which extend over strictly
defined limits because of physical, pyrometric and design reasons. By these
we mean all material properties, geometric variables, such as for example
wall thicknesses, current conduction cross sections and heat pipe dimensions.
Therefore it does not make sense to vary these parameters. In general, we
will limit ourselves to the selection of the most favorable solutions from
the standpoint of the optimization criterion (Chapter 2: Design of the
Installation).

2. Freely selectable geometric parameters. These are the distance
across the cells, the dimensions of the fission zone, and the reflector
thickness. These varameiers are varied within technologically reasonable

limits (Chapter 4: Optimization of the system described).

For determinati -n of any particular optimal configuration of the parameters,
the critical dimeusions and the specific data for those dimensions (e.g., the

charge of fissionable material, power, total costs, maximum fission zone

(1)

Estimated values see Chépnei 5.1 in the following .issue.

'

S VA T Y
B TR .
3



temperature) must be determined for a large number of reactors. Here, on
one hand, the accuracy of the calculations and thus the reliability of the
results should be as good as possible, and the computing expense on the
other hand should be as small as possible., For parameicic caleularions, the
relative accuracy is more important than absolute accuracy. The most accurate
computation metheds now available to determine the critical dimensions of
reactors are based on the solution of the diffusion or transport equations

in multidimensional geometries. But for even a single computation, they
require so much computing time that parametric calculations cannot be carried
out. Now the problem is one of developing a computing method which fulfills
both of the requirements listed optimaliy (Chapter 3: Computation of the

Critical Reactor Size).

- As a criterion for accuracy, we use the results obtained with the DIFFU
computer program {(Solution of multigroup diffusion equations in two-dimensional

goemetries) [25] for selected parameter values.
Figure 1 shows a simpiified scheme for the course of the optimization.

We can check on the quality of the reactor structure and the materials

used by means of criticality computations.

Freedom in design of the converter is limited by some boundary conditions
prescribed by the structure of the fission zone. After establishing the

converter operating conditions and calculating.the Joule and thermal losses

(S
i
(¥

in the converter, we can determine the net electric power and the thermal
power of one cell. From this we obtain the amount of heat to be radiated
away from the radiator. After selection of the radicvion temperature, we

obtain the required radiator surface.

The dependence of the geometry for the shielding on that of the reactor

is obvious;

)
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If the practical design of the power supply system is established,
ther we can calculate the maximum temperature in the fission zone ag a
function of the free parameters and set up the cost function., We can also :
determine the functional relation between the rveflector thickness and the
reflector economy. For explanation of the neutron-physical calculations
necessary for this, see Chapter 3. Because no analytical relation between
the width across the cell and the cost function can be set up, optimization
of the parameters breaks down into an analytical part and a graphical part.
The maximum allowable values for the converter power and the fission zcne
temperature are boundary conditions for the obtimization problem. The
position of the optimum depends on the relation between fuel cost and

transport rost.

2. Design of the Power Supply System

The statements in this chapi.r are essentially limited to presentation
of the design principles, the criteria for the choice of materials, and the
discussion of the technical data requricd for the optimization calculations
(Chapters 3 and 4) which characterize the power supply system planned here.
We have not presented the supporting calculations carried out in parallel
with the desigﬁ {e.g., strength and heat crausport capability of the heat
pipe, converter power and losses, working temperature of the mantle reflector,
etc.). On one hand, the cost of deing so would exceed the limits of this
report. On the other hand, variation of the design parametecrs in those

respects 1s not reasonable on the grounds previousiy mentioned.
2.1. Reactor

Considering the genmetry of the transport rocket, a power supply system
for space vehicles should have the shape of a truncated ccme. This requirement
causes the individual components of the system to be arranged along an axis.

As the payload must be protected by shielding from the neutron flux from the



reactor, but this shielding is one of the heaviest components, the opening
angle of the cone must be kept as small as possible. Now, starting from the
cylindrical reactor shape which is favorable for neutron economy, under the
given conditions the axial arrangeiment of the converter and the division of

the fission zone into cells parallel to the axis is prescribed.
' 2.1.1. Fission zone

1f we first consider it apart from the problem of cooling the fissicn
zone, the reactor power is independent of the size of the fission zone. Under
these circumstances, application of the optimizatiorn criterion to a fast
et reactor is equivalent to the requirement for minimum critical size, i.e.,
‘ maximum concentration of fissionable material and minimum proportion of

structural material in the fission zone, as self-shielding has no effect

here.

';g . The most compact structure of the fission zore, with simultaneous

. optimal heat removal, is attained wi+* 2 hexagonal shape for the cells and

a central arrangement for the heat pipe. The converters must be electrically
insulated from each other in order to allow a series-parallel connection(z).
6 At present there is no known material which has a sufficiently low rate of
vaporization at temperatures around 2,000° K, as well as adequate insulating
and strength properties. This produces the following decisive consequences
for the structure of the reactor: 1. The cells can be insulated from each
other only by an empty gap. 2. Only one converter can be driven per cell

(see Figures 2 and 3).

\z)As the electrical power from a converter appears at low voltage and
current, but the Joule losses are proporticnal to the current, as many con-
verters as possible should be connected in series, thus increasing the
voltage of the current leaaing to the current-voltage converter, which must
be located outside the shield. But on the other hand, insurance of the power:
generation against the result of failure of a single converter'requires
paraliel connection. The series-parallel circuit is a compromié@ between the
two opposing requirements. (in this respect, see [21]).
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Radiation shields

The empty volume iu the fission zone is the smallest with an arrangement
having insulating gaps between the fuel and the heat pipe (as, for example,
in [181). But since the heat must be transported by radiation; this leads -
to very high fuel temperatures even with very small geparation from the '
fission zone, because of the necessarily high heat flux density (some 50 to ‘A
150 W/cmz). An arrangement with the gap between the emitter heat pipe and
the emitter is not reasonable for tlhie same reasons. Thus the first-mentioned .
linit on freedom of design produces a lcosening of the reactor structure.

The cell structure resulting from these considerations is presented in .

Figure 2.



‘The effect of the second limit is that this type of reactor is primarily i
suitable only for low powers, as an increass in the number ¢of converters is S
possible only by increasing the radius of the fission zone, and limits are : g

. get to that by the acceptable diameter of the entire system.

The next step is the selection of the nuclear fuel and the structural

:
%%; materials. This step cannot be taken with enough certainty without extensive : jf
:ig: experimental investigations providing information on the behavior of the ‘;
g mr<erials in the reactor under the given conditions. vBuiithe critical size ? 'Eé

of tha reactor varies only slightly with a variation in materials. In the - ’

following, the selection ls substantiated for the reactor concept under éé

discussion here.

The following criteria apply to the fuel:

(a) thermal stability ' - %

: (b) good thermal conductivity ‘ L .gg
‘%;i: (c) high atomic density for the fissionable isotope , o E?
P (d) behavior under irradjation 5 =
e : R
53
e Thus only UC or UN come under consider-!fon as fuels, as UOn, which is i
'§;: common and tested in thermal reactors, is excluded because of its low thermal ?%
4 conductivity., In the great majority of the previously publishe.& atudies on ’ j«
fast thermionic reactors, UC is assumed to be the fuel. But UN has some | “‘
important advantagés: higher ¢density, higher melting poinﬁ, better thermal - %%_

conductivity, lower coefficieﬁé of thermal expansion [1} ; lower vaporization: E?

‘. rate, and presumably betterfbompatibility with the possible structural ; g;
materials [8]. Unfortunayely, there is still much uncertainty about the : i?

3’* behavicr of UN under irradiation. : ' P "'%;%
§§3 ' Neither UN nor ﬁc retain sufficient strength at temperaturcs around !";”’ ﬁg’
ﬂi 2,000° K. Por thi,é Treagon they must be surrounded by a casing o’ high-mplting %
b ) : ’ b 4
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and compatible material. The followiﬁg requirements are placed on this

structural materdial: ‘ .

'

(a) highuﬁemperature strength aqd_;iptlercreeping
(b) 1low vaporization rate

,(c)‘ compatibility with the fuel—

(4) mechanical workability

‘e) ‘duct{lity, in order to be able to follow the swelling of the
nuclear fuel ' ' Lo

(£) availability

v
13 .

Ihe~neutron*physical charactéristics are of secondary importance in

*fast 1eabtors with a small proportion ‘of structural material, as the capture

cross»aectlon of the metals unde1 consideratlcn 1s small in comparlson to

the xlssion cross sectlon 0f U 23) in the fabt energy range, and they do not

Of ‘the materials available, Mc and Nb cannot be used because of their
high vaporization rates at a free surface [12] at the maximum temperatures
“which will appear (see Chapter- 5.4). Rheﬁium is very expensive and difficult

,to workg There Temain only Ta and W and their alleys. W shows very good

.n‘s

3
i
:
b
!

strzngth propertles, but is very hard'to work and has only very slight
ductility. Ta, in contrast, has too little strength at high temperatures.
Thus we will use an alloy of Ta with 10/ W (Talow). Its mechanical and
phy31cal~chemical characteristics at high temperatures are well known [9].

Cn one nhand, it has nearly the strength of W; and on the other hand it is

ﬁ.ductile and wofkable 1ike pure 713, Tﬁe latter isg particularly important in

§

view of" the hexagonal shape -of the external casing of the fuel. In respect

? to compatibility with tha uuclear fue;s UN and UC, nothing is known. In case

it is iuadequate, there is a possibiliity of evaporating a laver of material
mpatible w1th UN on the fuel side of the casing (perhaps W or Re [8]).



The following criteria apply to the heat pipe ~— transport agent:

(a) ability to wet the wall, with slight solubility of the wall material

1

in the transport agent

1

{(b) suificient but not excessive vapor pressure at the working temper-

ature
(¢) Tlower melting point at low vapor pressure

(d) high surface tension and high heat of vaporization.

The specified criteria are best fulfiiled by lithium at the planned
emitter temperature of 1,800° X. 1Im laboratory tests, axial heat flows of
i5 kW/cm2 have been obtained with it [10], With slight alloying, Ta or W
are suitable as wall materials [i0}. For the reasons meniioned abeve (high~
temperature strenzth, ductility, workabilicy) we shall therefore plan to use
TalOW here also. It may if necessary be coated with W. Thus the inmer fuel

casing and the heat pipe are a single component.

The materials selected for the fission zone and the reflector and the
dimepsions of the construction elements in the fission zone are summarized
in Tshlic 1 T

T . They yield Lhe chaiactecisiic cell dara given in Table Z on

variation of h_.
&

TABLE 1. MATERIALS IN THE FISSTON ZONE AND REFLECTOR; DIMENSIONS
OF THE CONSTRUCTION ELFMENTS IN THE FISSIGN ZONE

Fission zone
Furel U 235

UN, 93% enrichment; 93%
of thecretical densitv

Structural material | ‘ TalOW/W
Heat pipe wall material TalOW/W
Heat pipe working medium i ‘ Li

Heat pipe diameter , inmer/outer : 8/11.2 mm

: (Cont.)
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Heet pipe W coatin

g, inner/outer

}'JJ:ILI

0.2/0.1 mm

MATERTIALS IN THE FISSTON ZONE AND REFLECTOR; DIMENS1ONS

OF THE CONSTRUCTION ET.EMENTS IN THE FISSION ZONE

Thickness of fuel casing 0.6 mm
inner W ceating C,1 mm
Space between two cells 1.5 mm
Maximum allcwable surface temperature
of the fuel casing 2,400° X
Emission coefficient of the fuel casing 0.6
Reflector:
Reflector Structureal
material material
Axial reflector
converter side Bel TalOW
shield side BeO/Be Nb
Reflector supplementation c Nb
Mantle reflector Be -
{Concluded)
TABLE 2. CHARACTERISTIC DATA FOR THE CELIL ON VARIATION OF hz. 65
Cell number 1 2 4
Width across thke cell, hz 2.5 3.0 4.0 cm
(including gap)
Volume proportions
Fuel 6 .36 |70.17 75.88 {79.85 %
Structure 18.17 13.92 {11.23 19.34 %
Empty space 20.47 |15.88 [12.89 |10.81 ‘% .
. Y . .
U 235 density - 10 22 1.726 1.973 2.134 | 2.246 l/cm3

13



2.1.2. Reflectorxr

The function of the reflecter is to scatter back into the fission zone
the greatest possible portion of the neutrons diffusing out of the fission
zone. A strong moderating effect is undesirable for a fast reactor, however,
as the slowed and backscat:ered nectrons are effective only at the outer
border of the fission zone, and produce ai excessive fission rate there. We

- shall undertake selection of the reflector material according to the following
) criteria:
. (a) 1large macroscopic scattering cross section
(b) low moderating capability
R {c) 1low absorption

(d) low specific weight

i (e) temwperature resistance

The first four criteria are met within tolerable limits only by beryllium,
RS Be, beryllium oxide, BeC, and graphite, C. From the viewpoint of neutron '
physics, Be is the most favorable and C the leasc favorable. One important

reason for this is the n~Zn reaction of Be in the fast energy range. This

will increase the reactivity of our arrangement by about 1.5%, for example,

o with a reflector thickness of 10 cm.
The reflector consists of three parts:

1. End reflector, 1. Because the emitter heat pipe penetrates into it,
its temperature is above 1,800° K. We assume that it has the same structure
as the fission zone. The high vaporization rate of Be0 requires the material
to be jacketed. BeO is quite compatible with'w [13], so we use the same
casing e= for the fuel.

W 2, End refl:actor, 2. This reflector is to coans.st of a fixed and a

v movable part. We shall mount the fuel rods in the fixed part. It is to be

14



protected against thermal radiation from the fission zone by radiation
shields, and cooled by four radial heat pipes. As structural material, we use

Nb 1 Zr, with Be as the reflector material. The movable part of the reflector,

also made of Be, is used to control the reactor.

3. Mantle reflector. In order to compensate for the irregular external
shape of the fission zone caused by the hexagonal shape of the cells, aund to
allow for a simple geometrical shape for the radiation shield, a supplementary
reflector is required. We shall use pyrolytic graphite ac the material for
this, as it has ccnsiderably beitter workability than Be0. By means of the
radiation shield it is possible to decrease the ceflector *emperature to the
extent that use of Be becomes possible. In this way, we simultaneously

decrease the heat loss from radiation of the surface into snzace.
2.2. Other System Components

Optimization of the other system components. the conv-rter, radiator, and
shielding (see Figure 5) is not, to be sure, an obieck of thie ... But in
order to be able to make v2lid statements about the possible electrical pcwer
and the weight of the system, we must have a conceptual design of all the

components. We shall discuss these briefly in the following.

2.2.1. Converter '
With the arrangement of the converter outside the fissicn zone, we
have the ability to design it according to pure converter physics and heat

technology requirements. We must consider only two limitations:

1. The diameter of the converter, including the collector cooling, is
limited by the width across the cell, if we consider that the emitter heat

pipe cannot be curved for manufacturing reasons.

2. To avoid an excessive voltage drop in the electrodes and in the leads

to the current~voltage converter, which m:st lie outslide the shielding, we

15



assume that the current at the converter output must not 2xceed a certain
maximum value (see 4.1). With a given power density and converter vcltage,

then, the converter length 3is fixed.

., B4 & The converter design upon
O o B o . . . .
%9 % (S 4&;3 -E‘anee—layer which we base the calculations
carian® 5 &2 40 o tube with
t = ) 71T . o .
Ra{iizggﬁ: S g 5 98 Hiceramic insulation is shown in Figure 4. As the
2 - Mw o . -
Reflector ., 'gpes - ;v;_,,¢;¥ead gpace emitter material, we plan to use
casingssy | cnZ._ Siiding flange
b Re vapor—cecated with Mo. Re

Cesium line
A . is distinguished by outstanding

L YRy
' //7'“ —r ted L W‘ﬁ"*' properties for converter o *

physies, and Mo by good

W

thermal and electrical conduc-

Reflector* Emitter - Current leads  tiyity, Ac its thermal expan-

g
heat pipe & . ey
pip T sion coefficient is smaller

1]

Figure 4. Converter © than that of the Ta 10W

103D9TTON’

heat pipe material, good heat
transfer is ensured by the high pressure between the two components at high
temperatures. The collector material can be Nb 1 Zr. This has about the same
thermal expargion characteristics as the A1203 vsed for insutaction, so that
thermal stresses are avoided. It has also proved good many times as a
collector material as well as a heat pipe material in conjunction with sodium

as the working medium (for collector cooling).

The electrical losses within the converter are decisively influenced
by the dimensions of the converter electrcdes. But decreasing the losses hy 166
thickening the electrodes is counteracted by an increase in the temperature
difference between the emitter heat pibe and the emitter surface or betwe-
the collector surface and the holder. The effect of the two effects on the

optimization criterion must be balanced out.

The metal-cera..c junction betwesn the em.cter and the collector must in

no case reach the melting temperature of the leads (about 1,200° C [i41). The

16



height and thickness of the connecting flange are to be designed accordingly,
considering the strength required. For this reason we establish the collector
temperature as 1,050° K, although a higher value would be more desirable

because the radiator weight would rhen he less,

The junction between thaz emitter and the collector must be made movable
so that we can compensate fox the different thermal expansions of the two
construction elements. The conductor cross section is to be optimized with

the criterion of minimum power loss (thermal and Joule losses).

From the results of Wilson and Lawrence [16] on converters with wolfram
emitters, and assuming that the maximum power density and the efficiency will
increase by 30 to 50% on use of Re instead of W [17], we base the optimization

calculations on the converter data listed in Table 3.

TABLE 3. CONVERTER DATA -

Emitter/collector material Re/Nb

Operating region Volume ionizafion ‘
Filling gas ‘ Cesium

Emitter temperature TE = 1,8C0° K

Collector temperature TK = 1,050° K

Emitter current density j =15 A/cm2 ‘
Average loss-free converter voltage U=10.7V )
Electrode separation 3 s = (.15 mm

Converter operating efficiency (loss-free) n = 12% , "
Electrical power density at the emitter Ay = 10.5 W,fcm2 "
Heat flux density at the emitter = 87.5 W/cm2

17



The upper emitter temperature is limited by three boundary conditicns:
(1) material cumpatibilities
(2) wvapor pressure of the Li in the heat pipe

(3) maximum temperature in case of interruptiocn (see 4.1.1)

Thus we establish it as 1,800° K, a relatively conservative value.

r

Waste heat from the converter must be radiated into space by a radiator.
Direct coupling of the converter with the radiator heat pipes according to
{3] has basically the disadvantage that, if one radiator heat pipe fails, as
from penetration of a meteorite, the related convertor is lost. Thus we
shall transfer the heat from the collectors via an insulating layer (three-
layer tube [15]) first to a heat exchanger with a heat pipe structure
(arterial structure [6]). This then conducts the heat to the radiator heat
pipes. In this design, even the loss of 10% of all the heat pipes has
practicallj no effect on the converter operation. Tun thie case, the collector
temperature rises only by some 25 degrees at a radiator temperature of 1,000°

.

As the structural material for the converter and heat exchanger, we ‘

plan to use Nb 1 Zr, with Na as the working medium for the heat pipe.

2.2.3. Shielding

The shielding has the functicn of decreasing the radiation dose reaching
the spacecraft payload to the extent that its radiation-sensitive compomnents b
are not damaged during the time of the mission. Based on the results of
shielding calculations which were performed for the ITR project [1C], we
shall consider a shield of 60 cm of lithium hydride to be adequate. As we
have placed the radiator ou the side of the reactor turaed away from the N e

payload (see Figure 5) and the direct thermal radiation from the reactor can
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for LiH. Thus the use of high-
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Figure 5. Structure of the power supply radiation and the distinct ) »7L
system. ' . : o

forward-scattering of the neutron E

- : &

and gamma radiation at the radiator [19]. Taus only the reactor itself must e
. @)

lie within the shadow core of the shiq}diqg; f
foooar it

S "

Becausc of the cone angle o (heére assumed to be 6°), the weight of the ﬁﬁ

Lo T Ll

shielding increases with the distance from the reactor. Thus we make the P
distance as small as possible. As we ghall use the end reflector turned B
toward the shield to control the reacgbr. the necessary apparatus for that ?;

-
(positioning and fast-cut-off system, control rods) must be arranged between

the two structural components. For this we provide a distance of 30 cm.

: §

Change of this value within reasonable limits (* 10 cm) has only a slight o
‘ * 5

effect on the svecific system cost. A .
3. Computation of the: Critical Reactor Size | ' N

?

3.1. Diffusion Cemputation with tne Computer Programs MUDIMA and DIFFU.

In the ordinary notation, the multigroup diffusion equations for g = 1

...G are (see [24]):
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The problem is treated "inidimensicnally. With the transverse buckling Bg,
he flow curvature in the other coordinate directions is considered
approximately in the form of pseudo-absorption. This presupposes the
separability of the fluxes according to the position coordinates:

b, b (N,

o J“."Y) (3. 2)

In fast reactors, the separation conditions are well fulfilled, as Siegert

[26] has already shown. The separated diffusion equation for ¢,y is:
Ny lyl s B, Ly) = 0 (3.3)
(with y - r~x-e.,r = position vector;

. 2 . .
From this there follows for BY, after integration over the volum
)

application of the Gaussian integral theorem

B~ - —
S v (3-4)

7o calculate the critical reactor size of a rotationally symmetrical
cylindvical reactor, Equation (3.1) must be sclved in r-z geometry. Two
different computer programs for this are evailzble at the Institute for

Nuclear Energetics. Both are basad on the difference method [20]. One

'always seeks the smallest eigenvalue (A = l/keff} for which there exist non-

trivial solutions of the system of equations.

i. MUDIMA [24] computes with only one position cocrdinate. We can

consider the sccond coordinate direction through the pseudo-absorption Bﬁ

R
-
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[Equation (3.4)], where we must determine the flux curve by coﬂputation with
this position coordinate to compute the integrals in (3.4). Thus we again
need to know the flux curve in the first coordinate direction. This leads
us to an iterative computation of Bi.

2. DIFFU [25] considers two position coordinates. Pre-selection of a
transverse buckling and the requirement for separability of the neutron
fluxesg thus drop out alsoc. But computation with many energy groups requires
a great amount of computing time, as we cannot go below a certain number of
supporting points for reasons of accuracy. Also, we must not exceed the
menory capacity of our computer system. Thus there must be a limitation
to a few energy groups, which is to some extent linked to a loss of accuracy
(see 3.1.2).

3.1.1. Homogenization of the material region

Both computer programs require as input data the macroscopic effective
cross sections of the individual material regions. These cross secticns
will be considered as constant within each region. As the average scatéering
path length is significantly greater than the cell dimensioms for fast
conmpact reac*ors, we are justified in considering the cells as homogeneous

with respect to neutron physics, and thus in neglecting their heterogeneity.

In the computations which were performed, the fission region was con-
sidered as cylindrical, with the boundary inhomogeneitiass neglected. We
likewise did nct consider the different structures of the two end reflectors
(see 2.1.2). We used the average particle densities of the converter side
of the reflector for both conmstruction components. The higher particle
density for the shield side of the reflector ensures sufficient reserve’

reactivity for control of the reactor.

21 .




3.1.2, Determination of the cross section

The 26-group data set of Bondaremko [27] is usually uced for computetions.
for fast reactors. This data set cuntains the microscopic effective cross

sections for all the materials to be considered in our calculations.

We perform the condensation of thé cross gecti us to a few energy groups

according to the following rule: ; ' -

| 5, {64V :’ o
" - [ & -‘ ¥ H C(my
. i~ v., o b i (3<5) e
: ; i*, av C R
i %‘ ';M‘*"('v e - ‘?_"A cT ot [ ""‘,""“1 : l“v -+ o
I “ - - P00
where g (I) and g (I are, respectively._the lower and upper microgroups R

withih the energy interval of macro»group I in the matorial region. n.'i ]{V_ o

“

: : i
The flux integrals are de.ermiued from ompunations with a position :

variable (MUDIMA program, see abave) We undertake the divLsion of the

]
R SR

i o :
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With the distrLbution selected, ﬁhe eigenvglues diffe* qy l 37 to"?‘
2. 5% (see Table 4) The’ fourvgtoup caﬂculatiun y;elds a smaller eigenualue -
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. 3.2. Calculation According to the One-Group Theory
The simplest possible method for the cowmputation of fast reactors, which
is also geaerally used for parametric calculations {e.g., in [23]) is based
or: the analyticsl solution of the monoenergetic diffusion equatien. If ¢
depends on only a single position coordinate, then there exist exact

analytical soluticns for the differantizl equations.

If the flux is separable according tc the position coordinates, then,
according to Meghreblian and Holmes [22], the criticality condition for a

cylindrical reactor without end reflectors is:

x/Z )' ( 2,405 \* ‘ -
B* = . ’ . 6)
(H + a: e 24 1 R = dr) . (3 6/

where’H'? half-height of the fission zonme; R = fissien zone radius;

: "d ='extrapolation length,

For the cylindrical reactor with reflectors at all sides there is no
; anélytical criticality(condition equivalent to (3.6). Therefcre ve must use
the exact solutions of the equations which depend cn dnly a single position
coordinate, and consider the other position coordinates approximately

through intreduction of a pseudoabsorgtion.

The Algolrprogram ANARZ [28] was made up for the equation system given
by [22] for solution of the problem. The single-group effective cross seciion
has been determined according to the method described in Section 3.1.2, for
a mean reflector thickness of T = 6 cﬁ. It appears that the differences from

‘ the DIFFU results, considered to be exact, are between -20% and ~10%. The

basic causes for this- are:

1. .hé. location dependence of the macrogroup cross sections, resulting
from the slowing of the reutrons in the reflector and their backscattering

into the fission zone, is completely neglected by averaging over the integral

N flux of, the region and reduction to a singie neutron group. Thus we

[
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overestimate the fission source dencity in the center of the reactor.

2. Division of the mantle reflector into two regions with quite
different diffusicn characteristics is neglected by the homogenization. This ’
becomes apparent especially with low reflecter thicknesses (see Turve 3 in
the lower family of curves, Figure 6).

-

3. The choice of the

magnitude of transverse buckling

s in the reflector is rather

arbitrary, but it has a

relatively large effect on the

critical reactor size. This is - >

3y nem

shown by the discrepancy betweaen
the results in columms 3 and &

of Tabie 5.

3.3 The Concept of )

. Reflector Economy

| Reflector economy is defined

as the difference between the

N U S

RS S S,

-
|
|

‘ {
: + } ! i i"*j iength of the bare fission zone
1 I ‘' : . .
. ! | E i ; | including the extrapolation ,
' . i ;ﬂmm_*_, : ¢ " ) "’ length, and the length of the
- N fissiorn zone of a reactor havin
: Figure 6., The function éi(T i) ‘ g
‘ ) I,z a reflector. : R
obtained by different methods of 0 405 -
calculation. The numbers are the 8.(T,) = By —R(T,) = ~i;— —- R(T,) (3.7) '
same as those in Table 5. The curves (cylinder) ¢ e .
are normalized to the initial value
},‘ of the reference calculation ("DIFFU").
54 -
Y ‘ . . - © o 0(T,) = Hy - H(TY) = 2L H(T,) ¢ "
"~'4 . . # BO 2 \3.8)\ v

i {plate)
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T, TZ are the radial and axizl reflector thicknesses, respectively.

TABLE 5. DEVIATION CF THE CRITTCAL TISSION REGION VOLUME rROM
COMPARISON VALUES WITH DIFFERENT CAUCULATION METHODS

FOR ¢ .
r,2
N e e -
TR i “ 3 4 5 ¢ 7
e, Hpy,0 B -8 0o 26 .92 -28 0
AT Horee 0 8 2 63 15 -27 - 07
40 The index O refers to the bare fission zone. This definition includers no

information about the flux curve or the distribution of the neutron spectra
into energy groups used for the determinaticn of R0 and R or HO and H, By
use of the same values for BO in Equations (3.7) and (3.8), we only assume
that the spectrum of the bare reactor is independent of its geometrical
shape.

With separability of the fluxes according to the position coordinates,

the reflector economy is also independent of the flux curve in the other
coordinate directions. Assuming that this independence also applies to the
1; neutron spectrum, then we can assign a definite reflector economy Bi(Ti) to a
definite reflector thickness Ti for 3 given cemposition of the core and
reflector. Now if we determine the 61 for several Ti and approximate the

o curve of the function Si(Ti) by an analytical expression such‘as a polynomial,
then the criticality condition

N AnC

B - ('H o ) ( ; j‘;’,f(.r?) ,): (3.9)

represents an analytical velation between the parameters R, H, Fr and TZ.

1f the critical height, H is calculated .or various radii R at fixed
Tr and TZ by means.of DIFFU and we know BO from a critical calculation with
a fission zone haviﬁg no reflector, then wé‘cap determine the values for ﬁr(Tr:'
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and 5Z(TZ) by means of Equation (3.9). The results of cther DIFFU computations
can then be reproduced with (3.9) as an interpolation equation with a deviation

of less than 1% (see Table 5, column 7).

Determination of the reflector economy by the single-group theory and the
use of Equation (3.9) provides a clear improvement in the results as ccopared
- to the single-group calcuvlation according to the transverse buckling concent
) (see 3.2 and Table 5, column 3). This is due to the fact that assumption
of the transverse buckling .n the reflector, which arbitrarily changes the
relation between the absorption in the fission zome and that in the reactor,

ls superfluous,

There is an important source of error for computations with many energy
e groups in the fact that the neutron spectrum and, linked to it, tbh2 refiector

economy, are not independent of the dimensions of the fission zone and the

reflector. As long as the range of the back-scattered neutrons slowed by

fi' the reflector is small in the fission zone, in relation to the size of

the latter, we can neglect this dependence. But this is ne longer reasonsble
if the fission zecne dimensions become very small. 1In this case, the

Q; calculated reflector economy is toc small because of the softening of the

- spectrum, which results in decreasing the kw of the fission zone. Agreement
of the results frum 26-group computations with the comparison values is g od
only at small reflector thicknesses, because here again the errors in
determination'of the cross section are the smallest. The displacement of the
spectrum is cousiderably less if re calculate with a few energy groups for
which cross sections were determined by quasi-two-dimensional calculations
over the flux integrals., Then the neutron spectrum ic practically stabilized
. already, and the reaction of the moderating properties of the reflector on

the fission zone spectrum is considerably decreased (Table 5, column 5).
The limits of error can be narrowed even more if we consider the second

o coordinate direction through a transverse buckling. An exact computation

C e for 1t is too expansive, however, while the assumption of a single lumped
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value equally iarge for all groups and material regions leads to distortions
of the absorption conditions and tnue of the flux conditions between the
individual groups. The choice of a relatively small transverse buckling,
however, leads to a marked improvement (Table %4, Column 6). The values for

the refiecter economy calculated in thic wey and

he fission sone dimensions

Y

resulting from it agree well with cthe comparison values (Figure 6, Curve 6).
Therefore this method is used for determination of the reflector economy for

the optimization computations

Table 5 gives the maximum znd minimum deviations of the critical
fiscion region from the comparison valuas from DIFFU computations for
various calculation methods for Gr 2 The range of variation of reflector

3
thickness is from 3 to 1Z cm. The figures have the following meanings:

1. Single-group theory, BZR =0
5 .
2. Single-group theory, 82R = B"S = 0
(BzS p = tramnsverse buckling in the fission zone or reflector, ;
. ‘
respectively)
. : 2 2 :
3. § concept, analytical single-group calculation, B R B g = 0 .
4, & concept, 26-group calculation, with 1 positicn coordinate, "
2 .2
B R B g = 0
5. § concept, 4~group calculation, with 1 position coordinate,
2 gl _ -,
B R B g 0 :
6. & concept, 4-group calculation, with 1 position coordinate, ';
2 _ .2 “ - .
B R B 3 0.005

7. & concept, %-group calculation, with two position coordinates,
(DIFFU).

The averaging of the cross sections for methods 1 ~ 6 is done over the spectrum

of an average reactor (T = 6 cm, H/R = 0.8). ‘ B

(Continued in the next issue) ‘ ' . N
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